Purpose The aim of this work is the determination of quantitative diagnostic criteria based on the spectral characteristics of fundus autofluorescence to detect early stages of degeneration in the retina and retinal pigment epithelium (RPE). Methods RPE cell suspension samples were obtained from the cadaver eyes with and without signs of age-related macular degeneration (AMD). Fluorescence analysis at an excitation wavelength of 488 nm was performed. The fluorescence lifetimes of lipofuscin-granule fluorophores were measured by counting time-correlated photon method. Results Comparative analysis of fluorescence spectra of RPE cell suspensions from the cadaver eyes with and without signs of AMD showed a significant difference in fluorescence intensity at 530-580 nm in response to fluorescence excitation at 488 nm. It was notably higher in eyes with visual pathology than in normal eyes regardless of the age of the eye donor. Measurements of fluorescence lifetimes of lipofuscin fluorophores showed that the contribution of photooxidation and photodegradation products of bisretinoids to the total fluorescence at 530-580 nm of RPE cell suspensions was greater in eyes with visual pathology than in normal eyes. Conclusion Because photooxidation and photodegradation products of bisretinoids are markers of photodestructive processes, which can cause RPE cell death and initiate degenerative processes in the retina, quantitative determination of increases in these bisretinoid products in lipofuscin granules may be used to establish quantitative diagnostic criteria for degenerative processes in the retina and RPE.
Introduction
Noninvasive fundus autofluorescence (FAF) imaging is one of the most promising procedures for diagnosing various visual pathologies [1] . The main source of FAF is lipofuscin granules (LGs), which accumulate in retinal pigment epithelium (RPE) cells of the human eye during aging, particularly in patients with hereditary diseases [2, 3] , including progressive age-related macular degeneration (AMD) [4, 5] .
LGs are formed by the incomplete lysosomal degradation of outer-segment photoreceptor cell debris resulting from the phagocytosis of RPE cells [6] . In addition, other components of cells, including flavin adenine dinucleotide (FAD), nicotinamide adenine dinucleotide phosphate (NADPH), and the carotenoids zeaxanthin and lutein, have weak fluorescence in the same spectral area as LGs [7] [8] [9] . In addition, spectral autofluorescence characteristics of drusen have been observed in donor eyes with AMD [10] .
LGs are heterogeneous, composed of mixtures of proteins and lipids, including more than 21 different fluorescent compounds [11] [12] [13] [14] [15] . Bisretinoids, and their photooxidation and photodegradation products, represent the main sources of LG fluorescence [16, 17] . Among the compounds investigated in LGs are the bisretinoid N-retinylidene-Nretinylethanolamine (A2E) [18] [19] [20] , photooxidation and photodegradation products of bisretinoids [17, [21] [22] [23] [24] [25] , and a series of all-trans retinal conjugates in LGs [26] [27] [28] .
FAF images are usually obtained with a confocal scanning laser ophthalmoscope (cSLO) [29, 30] , but may also be obtained with a fundus camera, with the two methods generally showing a high degree of correlation. Differences between the two devices have also been observed. For example, multiple image capture and confocal optics yielded higher image contrast with a cSLO, despite acquisition and exposure times being longer [31] .
FAF is excited by a wavelength of 488 nm, yielding monochromatic images in the long-wavelength region, starting at 500 nm, resulting from the fluorescence of bisretinoids and their photooxidation and photodegradation products.
FAF can detect early phenotypic changes in RPE, occurring prior to the progression of disease. Analysis of FAF patterns can provide detailed qualitative information that allows the detection of areas of pathology, thereby differentiating among different types of ocular disease. At present, however, it is not possible to quantify the detected changes. The degree of disease progression must be assessed subjectively by an expert, who compares patterns with those of normal eyes.
Since its introduction into ophthalmic practice, efforts have been made to improve the FAF technique to obtain additional information from the total fluorescence patterns. For example, the spectral characteristics of FAF may be used to determine the occurrence of degenerative processes in the retina and RPE [32] [33] [34] [35] , with one study proposing a method and apparatus for determining fluorophores on objects, especially on the living ocular fundus [33] . Based on the fluorescence behavior over time at each site, as determined by timecorrelated single-photon counting, the fluorescence time constants can be calculated. Tissue function and metabolism can be determined noninvasively by steady-state fluorescence anisotropy [35] . Systems and methods have been described for optical detection of lipofuscin concentration in a subject's eye [34] . Moreover, retinal diseases may be distinguished by comparing autofluorescent emissions at different wavelengths (e.g., 410-530 nm, corresponding to the fluorophores of Bruch's membrane and drusen, and 505-700 nm, corresponding mainly to the fluorophores of LGs in RPE) [32] . In addition, an increase in blue-green autofluorescence of Bruch's membrane relative to the yellow-orange autofluorescence of RPE-associated lipofuscin is associated with AMD [36] . Fluorescence lifetime imaging microscopy (FLIM) at certain wavelengths is an extremely promising approach [37] [38] [39] [40] , with patterns of FLIM in vivo differing in normal eyes and those with AMD [41] . In addition, changes from normal fluorescence parameters were observed in patients with diabetes [42] , glaucoma [43] , and Alzheimer's disease [44] . All of these findings were confirmed by experimental research, which showed that the quantitative and qualitative composition of LG fluorophores changes during pathologic development [17, 25] .
One of the main objectives of the FAF and FLIM methods is to determine the differences in fluorescent characteristics of LG fluorophores between individuals with ocular pathology and those with normal eyes. We recently showed [17] that the relative contents of photooxidation and photodegradation products of bisretinoids in LGs change both with age and with the development of ocular pathology. However, a shortwave shift in maximum fluorescence is observed only in pathologic conditions. This study continues our investigation of the fluorescence properties of
LGs in the RPE isolated from normal human cadaver eyes and those with AMD.
Methods
Experiments on tissue isolated from human cadaver eyes complied with officially accepted procedures, in particular Russian Federation law N 4180-I dated 12.22.1992 [17] .
Human cadaver eyes were obtained within 10 h of donor death, following corneal removal for transplantation. Each cadaver eye was subject to postmortem inspection by an ophthalmologist and ophthalmic pathologist. After removal of the lens, vitreous body, and retina, a detailed description of the fundus was carried out and photographed. The age and sex of each eye donor were recorded, as well.
Human cadaver eyes with no signs of pathology from 11 donors aged 27 (n = 2), 32 (n = 1), 39 (n = 2), 45 (n = 2), 46 (n = 2), 58 (n = 1), 60 (n = 1), 65 (n = 2), 67 (n = 2), 68 (n = 2), and 74 (n = 2) years were obtained. The RPE in the fundus of the eye without signs of pathology was uniform, without focal abnormalities, with the RPE cells in the foveolar area having more intense pigmentation. Figure 1 (norm) shows the typical image of the fundus for all cadaver eyes with no signs of pathology.
Human cadaver eyes with signs of pathology (AMD) from eight donors aged 59 (n = 1), 67 (n = 2), 70 (n = 1), 74 (n = 1), 75 (n = 2), 79 (n = 1), 87 (n = 2), and 88 (n = 2) years were obtained. The RPE in the fundus of the eye with AMD was uneven, with a redistribution of the pigment in the paramacular area. Such eye showed the presence of multiple drusen-like deposits, which were prominent and yellowish in color, and had irregular borders, surrounded by an area of hyperpigmentation. The presence of drusen-like deposits between the RPE and Bruch's membrane was confirmed by histological analysis (data not shown). It should be noted that the selection of cadaver's eyes for both the norm and pathology was carried out very carefully. Human cadaver eyes with questionable signs of norm or pathology were not used for comparative analysis.
All stages of sample preparation were carried out under subdued lighting.
Preparation of suspended RPE cells from cadaver eyes
The sclera of each cadaver eye was incised with scissors, and the iris, lens, vitreous body, and retina were removed. The eyecup with the naked RPE layer was placed in 1 ml of 0.1 mol/l phosphate buffer (pH 7.2-7.4). Desquamation of the RPE surface from the macula zone was performed using a microsurgical spatula, with each cell suspension aspirated into a disposable pipette and transferred to a cooled flask.
Preparation of chloroform extracts of cadaver eye RPE
The soluble fraction was extracted from the samples with chloroform:methanol using the Folch method [46] . Briefly, a twofold excess of chloroform:methanol (2:1, vol/vol) was added to each RPE suspension, agitated with an electrical stirrer for 2 min, and incubated for 10 min at 4°С. The mixture was centrifuged at 680 × g for 10 min at 4°C. The bottom chloroform phase was aspirated into a syringe, transferred to a flask, and evaporated using a vacuum pump (Vacuubrand MZ 2CNT + AK + M + D, Germany). For further chromatographic analysis, each dried sample was resuspended in 200 μl of methanol.
High-performance liquid chromatography (HPLC)
The compound was passed through a Knauer chromatograph system (Germany) equipped with a Kromasil-100-5-С18 (4 × 250 mm; sorbent size, 5 μm) column. Highperformance liquid chromatography (HPLC) analysis was performed using a reverse-phase gradient from 80% acetonitrile/20% water (vol/vol) (+0.05% TFA) to 100% acetonitrile for 20 min at a flow rate of 1.0 ml/min. Absorbance (K-2501 detector, Knauer) was measured at 430 nm.
A2E synthesis
A2E was prepared from all-trans retinal and ethanolamine in acetic acid and ethanol, as described [47] . The purity of A2E and iso-A2E was monitored by HPLC.
Spectroscopy
Fluorescence data were obtained using a RF-5301 PC fluorometer (Shimadzu, Japan) equipped with a R955 photomultiplier tube detector (Hamamatsu, Japan). Data were compiled using RFPC software version 2.0 (Shimadzu, Japan). Following excitation at 488 nm, emission spectra were recorded at sampling intervals of 1 nm. These fluorescence spectra were corrected for excitation intensity by the spectral response (quantum efficiency) of the R955 photomultiplier tube detector. All fluorescence spectra were normalized to a wavelength of 592 nm.
Method of counting time-correlated single photons
The fluorescence lifetimes of LG fluorophores in the RPE cell suspension were measured by counting time-correlated photons with a FluoTime 300 spectrometer (PicoQuant, Fig. 1 Photographs of human cadaver eye fundus after removal of the retina from a normal eye (67-year-old donor) and an eye with signs of AMD (67-year-old donor). 1-disk of the optic nerve; 2-macular area; and 3-reflection from the microscope illumination GmbH, Germany). Fluorescence was excited using a LDH-PC-450 diode laser (485 nm; pulse duration, 30 ps), and fluorescence signals were recorded at wavelengths of 540 and 620 nm. The fluorescence decay kinetic curves were processed in a time range during which light from the excitation pulse did not contribute to the detected fluorescence. Characteristic times and the contribution of individual components to the detected fluorescence were calculated using a three-exponential model, without accounting for the effect of the excitation pulse, using the following formula:
where i is the number of components, A is the amplitude that determines the contribution of each component, and τ is the duration of the components. The τ 1 values are considered approximate, because the time characteristics of this short-lived component are comparable to the duration of the excitation pulse. Therefore, this parameter was not included in this study. Only the long-lived components τ 2 and τ 3 were included.
Results
Comparative fluorescence characteristics of LG fluorophores in RPE cells from cadaver eyes with and without signs of AMD Fluorescence analysis at an excitation wavelength of 488 nm, identical to that used in cSLO, was performed on separate RPE cell suspension samples from each cadaver eye. Figure 2a shows the example of the fluorescence spectra of RPE cell suspensions obtained from the eyes with no signs of pathology and with AMD. In both cases, the fluorescence spectra have two characteristic bands, with maxima at 556 and 592 nm. The fluorescence spectrum of RPE cell suspension from the normal eye had a more pronounced maximum at 592 nm, with the maximum at 556 nm representing an arm. By contrast, the spectrum of RPE cell suspension from the donor eye with signs of AMD had a more pronounced maximum at 556 nm, indicating a greater accumulation of photooxidation and photodegradation products of bisretinoids in LGs from AMD than from normal eyes [17] . To confirm this finding, suspensions of these RPE cells were extracted with chloroform and analyzed by HPLC (Fig. 2b) . The sample obtained from the eye with signs of AMD had a more diversified set of peaks, corresponding to the photooxidation and photodegradation products of A2E, at the initial retention time. Thus, fluorescence analysis of the RPE cell suspensions confirmed results showing differences between the fluorescence spectra of samples from normal eyes and eyes with AMD. In contrast to our previous study, which analyzed only two eyes with AMD [17] , this study analyzed 12 eyes with AMD from eight donors, enabling a comparative statistical Fig. 2 Comparative analysis of spectral characteristics and composition of LG fluorophores in the RPE cells of human cadaver eyes with no signs of pathology (Norm) from a 67-year-old donor, and with signs of AMD (Pathology) from a 67-year-old donor. Photographs of eye fundus from these donors can be seen in Fig. 1 . a Fluorescence emission spectra of these RPE cell suspensions. The excitation wavelength was 488 nm, with emission spectra normalized at 592 nm. b HPLC analysis of chloroform extracts of RPE cell suspensions, with absorption monitored at 430 nm. Peaks 1 and 2 represent the photooxidation and photodegradation products of A2E [17] , peak 3 represents A2E and iso-A2E [17] , and peaks 4 and 5 correspond to other previously identified products [26, 27] analysis of the fluorescent properties of RPE cell suspensions of normal and AMD eyes (Fig. 3a) .
Spectra were obtained by averaging the individual fluorescence spectra of all samples, including the standard deviation at each point of the spectrum. The average fluorescence spectrum for the normal samples showed a pronounced maximum in the region of 592 nm and a shoulder at 556 nm, whereas the average fluorescence spectrum of AMD samples showed greater band intensity at 556 nm than that of the normal samples. This difference was again due to the higher content of bisretinoid photooxidation and photodegradation products in LGs from eyes with AMD. Normalization of all spectra relative to the fluorescence intensity at 592 nm showed that the fluorescence intensity in the AMD samples was markedly increased at 530-580 nm but reduced at 600-650 nm.
Our previous study [17] , using an excitation wavelength of 430 nm, showed a difference in the fluorescence spectra of normal and AMD samples. However, that difference manifested as a noticeable shift in the maximum of the fluorescence spectrum at short wavelengths. Moreover, the previous study assessed samples from only two eyes with AMD, preventing a determination of the average spectral characteristics of normal and AMD eyes. By contrast, this study, which used an excitation wavelength of 488 nm, found that the shapes of the spectra, after normalization at 592 nm, were almost identical for normal eyes and for eyes with AMD. That is, spectral characteristics were determined only by the presence or absence of pathological changes in the RPE, while being almost independent of donor age. Thus, these fluorescence characteristics have reproducible features that could be used diagnostically to evaluate ocular pathology. The ratio of fluorescence intensity in the shortwave part of the spectrum (530-580 nm) to the fluorescence intensity in the long-wavelength part (600-650 nm) may therefore be considered a diagnostic criterion.
These results suggest a method of calculating this ratio for diagnostic purposes. First, the fluorescence spectrum should be registered, using an excitation wavelength of 488 nm. Second, the integral intensities of fluorescence I 1 and I 2 in the spectral ranges 530-580 nm and 600-650 nm, respectively, should be calculated (Fig. 3b) . These integrated intensities can be calculated using the following equations:
I 1 x; y ð Þ ð1Þ
where x and y are coordinates of a point in the fundus (or in the image of the fundus) within a given region Ω. A quantitative parameter characterizing the difference in spectral characteristics of FAF in normal eyes and eyes with AMD, for use as a diagnostic criterion, can be calculated as their ratio: Fig. 3 a Comparative statistical analysis of spectral characteristics of RPE cell suspensions from cadaver eyes without (Norm) and with (Pathology) signs of AMD. Fluorescence spectra were averaged for 19 normal eyes, from 11 donors aged 27 (n = 2), 32 (n = 1), 39 (n = 2), 45 (n = 2), 46 (n = 2), 58 (n = 1), 60 (n = 1), 65 (n = 2), 67 (n = 2), 68 (n = 2), and 74 (n = 2) years, and for 12 AMD eyes, from eight donors aged 59 (n = 1), 67 (n = 2), 70 (n = 1), 74 (n = 1), 75 (n = 2), 79 (n = 1), 87 (n = 2), and 88 (n = 2) years. The excitation wavelength was 488 nm, with emission spectra normalized at 592 nm. b Fluorescence emission spectra of RPE cell suspensions obtained from individual cadaver eyes of a normal donor aged 58 years and a donor with signs of AMD aged 59 years. The excitation wavelength was 488 nm.
The integral intensities at spectral ranges I 1 (530-580 nm) and I 2 (600-650 nm) were determined after normalizing the spectra at 592 nm Based on our data (Fig. 3) , the calculated values for normal (K N ) and AMD (K P ) eyes were 1.04 ± 0.11 and 1.73 ± 0.16, respectively. The separation between normal and AMD eyes allows quantitative diagnosis of the occurrence of degenerative processes. A value greater than 1.15, in the absence of an autofluorescence pattern indicative of pathology, may suggest that LGs in the RPE cells contain higher-than-normal amounts of bisretinoid photooxidation and photodegradation products. These products are regarded as markers of photodestructive processes, which can cause cell death and initiate degenerative processes in the retina. Thus, use of this criterion may enable the early detection of a pathological process, when FAF imaging results do not differ from those of normal eyes. Because these spectral analysis techniques are highly sensitive, a K value higher than 1.15 may indicate a very early phase of the disease.
Comparative analysis of fluorescence decay kinetics of LG fluorophores in RPE cell suspensions from cadaver eyes with and without signs of AMD In addition to the spectral examination, the difference between normal and AMD eyes can be evaluated by determining the kinetics of fluorescence decay [38] . In this study, fluorescence decay kinetics were determined using a method of counting time-correlated single photons. The contribution of different LG fluorophores (namely, bisretinoids and their photooxidation and photodegradation products) to the total fluorescence of RPE cell suspensions was compared between two cadaver eyes from a 75-year-old donor with signs of AMD and two cadaver eyes from a 74-year-old donor without signs of pathology. The fluorescence spectra of all four RPE suspensions were recorded (Fig. 4a) .
The spectral characteristics of the fluorescence spectra from normal and AMD eyes were similar to those shown previously (Fig. 2) . That is, the fluorescence intensity of the band at 556 nm was greater in AMD than in normal eyes, indicating a greater accumulation of bisretinoid photooxidation and photodegradation products in LGs from AMD eyes. Using the time-correlated single-photon counting procedure, we measured the fluorescence lifetime of LG fluorophores in all RPE cell suspensions. Fluorescence signals were recorded at 540 and 620 nm, the wavelengths showing the greatest difference in fluorescence intensity between normal and AMD eyes (Fig. 4b) .
LGs contain more than 21 fluorophores, most of which are bisretinoids and their photooxidation and photodegradation products [17, 25] . Because only the fluorophore A2E has been studied comprehensively [18] [19] [20] , it was impossible to perform a detailed analysis of kinetic curves in a multicomponent system. In the present study, we studied two groups of LG fluorophores, belonging to nonoxidized and oxidized bisretinoids, which differ spectrally, in that the fluorescence spectrum maximum of oxidized bisretinoids is characterized by a significant shortwave shift [48] . The time parameters describe a group of compounds, which may have similar fluorescent properties and temporal fluorescence decay characteristics, rather than individual components of the system. Figure 4b shows examples of fluorescence decay kinetic curves of LG fluorophores in RPE cell suspensions from a Fig. 4 a Fluorescence spectra and b fluorescence decay kinetic curves of LG fluorophores of RPE cells from human cadaver eyes. a Fluorescence was excited at 488 nm, and the spectra were normalized to the fluorescence of 592 nm. Two samples of RPE cell suspensions were from normal eyes (Norm) from a 74-year-old donor, and the other two were from eyes with AMD (Pathology) from a 75-year-old donor. b Fluorescence was excited at 485 nm (pulse duration, 30 ps), and kinetic curves were recorded at 540 nm. One sample of RPE cell suspension was from a normal eye (Norm (1)), and the other was from an eye with AMD (Pathology (1)) normal and an AMD eyes following fluorescence excitation at 485 nm. The time parameters (τ 2 and τ 3 ), obtained by approximating the kinetic curves with a three-exponential model curve, are shown in Table 1 . Although the τ 2 and τ 3 values were close to those for normal and AMD eyes, respectively, the contributions of individual components (A 2 and A 3 ) differed. For example, the contribution A 2 of the exponential component τ 2 was about 6% lower for AMD than for normal eyes for detection at 540 nm and about 12% lower for detection at 620 nm. At the same time, the contribution A 3 of the exponential component τ 3 was about 7% higher for AMD than for normal eyes for detection at 540 nm and about 15% higher for detection at 620 nm. We previously showed that, in the chloroform extract of LGs, bisretinoid photooxidation and photodegradation products had the highest fluorescence lifetime values (τ 3 = 7.2 ± 0.3 ns) [49, 50] . These findings suggest that, in evaluating RPE cell suspensions, the fluorophores with a fluorescence lifetime characterized by τ 3 values are also bisretinoid photooxidation and photodegradation products.
These findings indicate that fluorophores with the highest fluorescence lifetime values (τ 3 ), as measured for normal eyes and those with AMD, are photooxidation and photodegradation products of bisretinoids. To date, however, the nature of the fluorophores with a fluorescence lifetime characterized by τ 2 remains unknown.
Consequently, our findings suggest that the contents of bisretinoid photooxidation and photodegradation products in LGs are higher in AMD than in normal eyes, a difference manifested as changes in the characteristics of fluorescence spectra of LGs (Figs. 2a and 4a ) and in the parameters of fluorescence decay kinetic curves (Fig. 4b) . That is, fluorescence excitation at 488 nm of samples from eyes with AMD results in an increase in the fluorescence intensity of the band at 556 nm, as well as an increase in the contribution of photooxidation and photodegradation products to total fluorescence.
Discussion
FAF imaging provides detailed insight into the health of the RPE. The incorporation of FAF into clinical practice will depend on the development of a quantitative approach.
This study presents results that may be useful in determining the quantitative spectral characteristics of FAF imaging. Our results indicate that the fluorescence of LGs can show the accumulation of photooxidation and photodegradation products of LG bisretinoids, and therefore may be an indicator of disease progression. Changes in the quantitative and qualitative composition of fluorophores and their spectral characteristics are determined only by the presence or absence of pathological changes in the RPE, but are independent of age. These patterns have characteristic and reproducible features that can be used as diagnostic indicators of visual pathology.
This study described two methods of identifying increased levels of bisretinoid photooxidation and photodegradation products in LGs from RPE cells in eyes with AMD. The first method was to compare the fluorescence intensity of the FAF, whereas the second method was to measure the lifetime of this fluorescence. Although both methods can form a basis for the development of the spectral analysis of the FAF, these methods differ in the complexity of analysis, the reproducibility of the data, and the uniqueness of interpretation of these data.
The fluorescence intensity method can make possible the spectral analysis of FAF, without regard to individual spectral components of LGs. The total fluorescence characteristics have reproducible features for normal eyes, regardless of age, and could be considered a diagnostic criterion.
The fluorescence lifetime method is less straightforward. In this method, complex experimental kinetic dependences that reflect a large number of fluorophores contained in LGs are approximated by relatively simple three-exponential curves. This method cannot, however, yield reliable quantitative diagnostic criteria. Despite this analysis also showing differences between normal and AMD eyes, this method is more complex and ambiguous.
Summary
What was known before
• Fundus autofluorescence imaging allows to identify early phenotypic changes in retinal pigment epithelium, occurring prior to the progression of the disease. • At present, however, it is not possible to quantify the detected changes.
• The degree of disease progression must be assessed subjectively by an expert, who compares patterns with those of normal eyes.
What this study adds
• There is a possibility to improve the fundus autofluorescence technique to obtain additional information from the total fluorescence patterns.
• Quantitative determination of increases in photooxidation and photodegradation products of bisretinoids in lipofuscin granules may be used to establish quantitative diagnostic criteria for degenerative processes in the retina and retinal pigment epithelium even in the absence of visible signs of the disease.
